The absence of tactile force information at the tip of a medical instrument makes precise minimally invasive surgery difficult and is prone to resulting in serious outcomes. In this paper, a fiber optic force sensor is fabricated based on Fabry-Pérot interferometry and integrated with a puncture needle. The force sensor is attached to the needle tip, where interactive force arises as it inserts into soft tissue. Needle insertion experiments have been conducted on ex vivo swine liver and belly with the calibrated force sensor. Using wavelet transform method, the acquired force data are analyzed and used to identify layered tissue types and boundaries. We found that the force amplitudes are not always identical, but the patterns of forces are almost the same, which enables us to identify layered tissues and to realize a safe needle insertion procedure under robot control.
Introduction
Minimally invasive surgeries (MIS) are frequently used in modern surgery because of small incision and faster recovery for the patient. However, surgeons lose direct tactile sense in a surgery due to complex dynamic interaction at the tip of a medical instrument, such as a puncture needle. It is difficult to control the needle tip precisely, resulting in serious outcomes. Robot-assisted surgery has shown advantage of better needle control [1, 2] , but several limitations still exist. During the robotic needle insertion, the force is often measured at the needle drive end, not from the needle tip, and is fed back to the robot control [3, 4] . The absence of tactile force sensing at the needle tip may lead to excessive manipulating force and tissue trauma. It is thus significant to acquire the force acting on the tip of the needle. Meanwhile, tactile force information can be used to discriminate the tissue types and boundaries.
The interaction between needle and tissue has received intensive study in the last 10 years. Interactive needle insertion simulation is presented in [5] , where a technique is introduced to estimate the needle shaft forces when a needle is inserted into tissue phantoms. In [6] , needle-tissue interaction forces are identified when a bevel-tipped needle is inserted into a gelatin phantom. However, the interactive force at the needle tip is measured at the needle base. It is very difficult to integrate a conventional force sensor into the needle tip due to the special requirements of MIS. The sensor must feature waterproof, electrical passivity, and miniaturization. Fiber optic force sensor provides a viable solution to the force sensing problem. Recently, several types of sensors are being developed and integrated with the tip of cardiac catheters to obtain the force information of catheter tip-tissue interaction [7, 8] . The type of tissue being punctured can be recognized from the insertion force pattern. A method of force pattern recognition is proposed in [4] . In the epidural puncture [9] , the needle penetration process and the sense of change of impedance to tool motion are used to identify skin and dermis, fat, muscle, and ligaments. Unfortunately, the tactile force information is measured at the needle base, not from the needle tip. In this paper, using finite element analysis, the deformation of a puncture needle is first simulated when an axial force is applied to the tip of needle, for the purpose of force sensor design. Then, a fiber optic force sensor is fabricated based on Fabry-Pérot interferometry (FPI). Finally, insertion experiments are conducted on ex vivo swine liver and belly with the calibrated force sensor, and the force patterns are used to discriminate the tissue types and boundaries through a wavelet transform method.
Fiber optic sensor design

Deformation of a puncture needle
The fiber optic force sensor is used to measure the force at the tip of a needle during insertion. Force is generated as the needle punctures into the capsule and cuts the tissues in MIS, and as it is applied to the needle tip, the needle shaft deforms. To determine the sensing area and the physical parameters of the sensor, needle deflection simulation has been carried out through finite element analysis tool. The deformation of the needle is shown in Figure 1 , when 1 N force is applied to the needle tip, and the deformation decreases with the distance to the needle tip. It can also be found that the maximum deformation at the needle tip is about 50 μm, which is a critical parameter in the FPI cave length design.
Fabrication of a fiber optic force sensor
Force at the needle tip is required to be measured as closely as possible, to guarantee a accurate force measurement. The friction along the shaft may cause needle deformation as the needle punctures into soft tissue, but the deformation is negligible. To satisfy the minimization requirement of force sensor, a fiber optic force sensor is used to measure the force information at the needle tip, as shown in Figure 2 . The force sensor is integrated into the small lumen at the tip of a needle. This fiber optic force sensor is essentially a low-coherence Fabry-Pérot interferometer. Flat-cleaved optical fiber is inserted into the 
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quartz tube from its two sides and fixed by epoxy. The end of the optical fiber formed the parallel reflecting surfaces. The working principle of fiber optic force sensor is based on the difference in optical path distance between two back-reflecting light beams in a single fiber. When a light beam is transmitted to the sensor, part of the light beam will be reflected at the left surface and the rest of the light beam continues to transmit forward to the right surface. Again, part of the light beam will be reflected at the right surface. Apparently, the two reflected light beams have different optical path lengths, resulting in a different phase, which leads to interference fringes. The reflectivity ratio of the flat-cleaved fiber tip is about 4% according to Fresnel equation [10] . Then, the intensity of the back-reflecting light can be calculated using the following equation,
where I (r) represents the intensity of the back-reflecting light, I (i) the intensity of the light emitted to the sensor, λ is the wavelength of the light beam, d represents the distance between the parallel reflecting surfaces, and R is the reflectivity of the flat-cleaved fiber tip.
Assuming the intensity of the light to the sensor and the wavelength of the light beam are constant, it can be found from (1) that the intensity of the back-reflecting light varies periodically with the FPI cave length of the parallel reflecting surfaces, as shown in Figure 3 .
The fiber optic force sensor is integrated into the small room of inner lumen close to the tip of the needle. When the needle is inserted into soft tissue, the FPI cave length varies with the deformation of the needle when interactive force is applied to the needle tip, and the intensity of the back-reflecting light is modulated by the FPI cave length as well. Consequently, the force applied to the needle can be demodulated from the measured intensity of the light. A fiber optic force sensor is fabricated in our laboratory and integrated into the inner lumen of a 16 g needle, as shown in Figure 4. Figure 5 shows the optical link components of the force sensor. A single wavelength laser diode is used to transmit stable light into the optic fiber, which is coupled in port 1 of the Thorlabs coupler (coupling ratio 50 : 50). Two Thorlabs power meters are coupled in port 2 and port 3, respectively. The force sensor is attached to port 4 of the coupler. A Thorlabs isolator is used here to keep one way light through to obtain stable light intensity.
Optical link of the force sensor
The light source of the laser diode is divided equally into two parts at the coupler. Half of the light is transmitted to the sensor, and the other half goes into power meter 1 for reference. The back-reflecting light from the sensor, modulated by the interactive force, is transmitted back to port 2 of the coupler, into power meter 2, and the sensory data are recorded by a computer. 
Sensor calibration
To establish the relationship between reflected light intensity and the force applied to the needle, the sensor is calibrated via experimental data. During the calibration, the sensor is fixed on the calibration rig, as shown in Figure 6 . Using standard weights of 0.1, 0.2, . . . , 0.9 N, axial force is applied to the tip of the needle increasingly. Stable intensity data of back-reflecting light are recorded, as shown in Figure  7 , for further analysis. The relationship between the light intensity and the force applied to the needle tip is thus obtained through fitting the measured data with a quadratic polynomial, which is given by P = −6.1362F 2 + 16.9652F + 10.8945,
where P represents the light intensity and F is the interactive force.
Tissue type and boundary identification
Needle force is decided by needle insertion velocity, tissue type, and tissue structure. The force transients are not stationary in time and frequency domains. Wavelet transform method is thus used here to analyze the interactive force patterns. This is done for the purpose of tissue type and boundary identification [11] .
Two insertion experiments are conducted on swine liver and belly, and the data acquired with the calibrated force sensor are used to analyze the layered tissue structures. The force response and its pattern analysis with wavelet transform method.
Swine liver insertion experiment
The force response of needle puncture is measured with fresh swine liver sample. The capsule of the liver resists the puncture of the needle and the deformation of the liver is shown in Figure 8 . The deformation varies with the structure of the liver sample. For example, the puncture needle may insert into the area with vein distribution under the liver capsule, and the liver deformation is thus bigger. As a consequence, the force applied to the needle tip varies. However, the pattern of the force is almost similar according to the experimental results. Figure 9 shows a typical force response of the liver insertion, and Daubechies2 wavelet is used to remove the noise of the force signal and decompose the filtered signal. Apparently, the amplitude of the first level wavelet coefficient stands out at the sample intervals of 120 ms and 140 ms. That means the liver capsule is going to be penetrated in this time interval. 
Swine belly insertion experiment
Along the needle trajectories of biopsy or anesthetization, layered tissues are often encountered: skin and dermis, fat, muscle, and ligaments. It is thus important to identify these tissue types from the force sensor data and to improve the accuracy of advancing the needle. Herein, the swine belly is taken as a specimen of needle insertion into multilayered tissue. The insertion trajectory is shown in Figure 10 . Figure 11 shows the force transient at the needle tip when it is inserted into the fresh belly sample. The force data are then analyzed with Daubechies2 wavelet as well, and the position of the layered tissues is sectioned in terms of the amplitudes of the first level wavelet coefficient, as shown in Figure 11 . It should be noted that the skin of the belly is removed to avoid giving rise to excessive interactive force. The major features are initial fat puncture and a sharp increase to a big force level in the first muscle layer, following a force decrease in the second fat tissue and again a rise of interactive force at its interface to the second muscle layer. Obviously, the force measured when the needle is penetrated into the fat is less than that in the muscle. It is essentially reasonable since the muscle tissue is much tougher than the fat. From the data measured, the interactive force patterns can be clearly identified from the magnitude of level 1 in the wavelet transform. The magnitudes can also be used to determine the boundaries of layered tissues, even the position of the needle tip inside the tissue.
Conclusion
In this paper, a fiber optic force sensor is fabricated, calibrated, and used to measure the forces applied to the tip of needle. First, the deformation of a puncture needle is analyzed through finite element method, and is used to determine the FPI cave length of the force sensor. The force data measured with the calibrated sensor are filtered and analyzed by the wavelet transform method, and the patterns of the force signal are recognized to identify the tissue types and boundaries. Puncture experimental results on ex vivo swine liver and belly show that the tissue types and boundaries can be well discriminated through the patterns of force signal, measured by the self-made fiber optic force sensor, via wavelet transform analysis.
